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Introduction {#sec001}
============

Workload quantification is defined as the process of recording training and competition workload demands to regulate training volumes and intensities in athletes and to decrease the risk of injuries and overtraining \[[@pone.0236643.ref001]\]. These demands should not only be assessed overall but also individually as each player will respond differently to the same training workloads \[[@pone.0236643.ref002], [@pone.0236643.ref003]\]. Concerning workload quantification, sport science research differentiates between internal and external workload \[[@pone.0236643.ref004]\]. The internal workload is defined as the biological reaction of the athlete's organism, both physiological and psychological, as a consequence of the external workload performed during exercise and it is measured through different variables like heart rate telemetry, blood lactate, oxygen consumption or rating of perceived exertion (RPE) \[[@pone.0236643.ref005]\]. In contrast, the external workload is defined as the mechanical and locomotor actions performed by an athlete, measured through various variables like power, speed, changes of speed, changes of direction or impacts \[[@pone.0236643.ref006]\]. Therefore, current literature suggests adopting strategies for quantifying and monitoring internal and external workload can enable team staff to assess fatigue and fitness level of players in real-time throughout the season \[[@pone.0236643.ref004], [@pone.0236643.ref007], [@pone.0236643.ref008]\].

At high levels in sports performance, coaches and sports scientists are constantly trying to find new ways for measuring athletes' performance to obtain an advantage over their opponents \[[@pone.0236643.ref009]\]. However, training and competition activity and the developments of performance are extremely difficult to measure directly \[[@pone.0236643.ref010]\]. For this reason, sports professionals have found different methods for measuring the players' workloads indirectly such as inertial measurement units (IMUs) for recording in a reliable and valid way compared to other instruments considered as "gold standard" or "criterion measures" \[[@pone.0236643.ref011]--[@pone.0236643.ref013]\]. These instruments or diagnostic tests are considered the best available and most accurate under reasonable conditions (e.g. the gold standard for players tracking is video analysis but indirect methods can detect it with high accuracy as Global Navigation Satellite Systems, GNSS, Local Position Measurements, LPM or accelerometry).

In this sense, technological advances have allowed the development of different devices to obtain objective data in indoor and outdoor sports. Since 2001, the Australian Centre of Microtechnological Research through Project 2.5 "Technology of Communication to Athletes Monitoring" has been designing a unique and non-intrusive device for sports monitoring in real-time \[[@pone.0236643.ref014]\]. These devices are able to record external workload demands such as (a) total distance, (b) work zones concerning velocity or changes of speed, or (c) impacts performed by the athletes \[[@pone.0236643.ref015]\]. The incorporation of tri-axial accelerometers into these units has provided the opportunity to analyze new load parameters such as three axes acceleration recorded during sports movements, measured in arbitrary units (a.u.) \[[@pone.0236643.ref016]\].

The validity of accumulated accelerometry-based workload in the three planes of movement has been compared with other internal workload variables such as session RPE (sRPE) or the Edwards method, finding high correlations among indexes \[[@pone.0236643.ref017]\], and also with muscle oxygen saturation \[[@pone.0236643.ref018]\] or maximal oxygen uptake \[[@pone.0236643.ref019]\]. Previous research has also found satisfactory reliability results both in accelerometry-based workload \[[@pone.0236643.ref020], [@pone.0236643.ref021]\]. However, the workload recorded by accelerometers could be affected by the individualized profile of gait biomechanics or the speed of the athlete's locomotion \[[@pone.0236643.ref022]\]. Nonetheless, accelerometry-based indexes have been used for workload monitoring in invasion team sports \[[@pone.0236643.ref023]\] such as netball \[[@pone.0236643.ref024], [@pone.0236643.ref025]\], soccer \[[@pone.0236643.ref017], [@pone.0236643.ref026]\], basketball \[[@pone.0236643.ref027]--[@pone.0236643.ref030]\] and Australian football \[[@pone.0236643.ref031], [@pone.0236643.ref032]\], among others. Carey et al. \[[@pone.0236643.ref031]\] mentioned in a recent investigation that a multi-variable analysis should be carried out, where accelerometry-based indexes are incorporated with other external and internal workload indicators such as total distance covered, sRPE or high-intensity locomotion.

Since its appearance, the use of accelerometry as a method of workload monitoring has developed greatly. Although accelerometers do not provide information about static actions when an effort is performed without an acceleration (e.g. screenings or a prolonged stance position), their reliability, precision and sensitivity are greater compared to other automatic and semiautomatic time-motion analysis (TMA) technologies such as video-tracking, GNSS or LPM \[[@pone.0236643.ref026], [@pone.0236643.ref030]\]. Automatic and semiautomatic TMA may underestimate the workload demands because high-intensity actions where there is no locomotion (jumps, collisions, etc.) are classified in the group of low-intensity actions \[[@pone.0236643.ref026]\]. For these reasons, recent investigations identified that microtechnologies (e.g. wearable microsensors and accelerometers) may represent a valid and practical alternative to TMA and offer distinct advantages compared with TMA such as the relative simplification to analyze data using either proprietary or used-defined algorithms that quantify movement \[[@pone.0236643.ref030], [@pone.0236643.ref033]\]. Given this background, the purposes of the present study were to reflect the current state of knowledge, outline best practices and conclude recommendations about the use of accelerometry as a method of workload monitoring in invasion team sports.

Methods {#sec002}
=======

Study design and search strategy {#sec003}
--------------------------------

This manuscript is a systematic review \[[@pone.0236643.ref034]\] about peer-reviewed, scientific papers related to workload monitoring via accelerometry in sports. The Web of Science (Web of Science Core Collection, MEDLINE, Current Contents Connect, Derwent Innovations Index, KCI-Korean Journal Database, Russian Science Citation Index and Scielo Citation Index), PubMed electronics and Scopus electronic databases were searched on 1^st^ May 2020 for relevant articles published between 1^st^ January 2010 and 30^th^ April 2020 using the keywords "accelerometer" or "accelerometry" or "microtechnology" or "inertial devices", and "load" or "workload", and "sport". Reference lists of included articles were scanned to identify relevant studies. Any disagreements were resolved by consensus between two investigators and arbitration by a third investigator.

One investigator conducted electronic searches, identified relevant studies, and extracted data in an unblended, standardized manner. The database search was limited to peer-reviewed journal articles published in English. A systematic review of the available literature was undertaken in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines \[[@pone.0236643.ref035]\] ([Fig 1](#pone.0236643.g001){ref-type="fig"}).

![PRISMA flow diagram displaying the identification, screening, and selection of relevant studies in this systematic review.](pone.0236643.g001){#pone.0236643.g001}

In the present review the inclusion criteria for these articles were: (1) cross-sectional and longitudinal studies written in English, (2) participants were healthy players irrespective of competition level (amateur, well-trained, professional, elite, junior, senior) and sex (male and female), and (3) about invasion team sports following the classification of Read and Edwards \[[@pone.0236643.ref036]\] divided into three sports modalities: (a) goal throwing games (netball, basketball, handball and lacrosse), (b) try-scoring games (rugby, rugby union, Australian football and American football) and (c) goal striking games (hockey and soccer). Analysis during training or competition was not selected as an exclusion criterion. All included studies were deemed to have suitable ethical approval by a relevant review board.

Studies were excluded if (1) the type of document was case studies, doctoral thesis, books or book chapters, congress communications, patents or reviews, (2) they involved animals, (3) the workload monitoring was performed without accelerometry-based indexes, (4) the study context was outside competitive sports, and (5) they only assessed the reliability and validity of accelerometer raw data or accelerometry-based indexes.

Data extraction and analyzed variables {#sec004}
--------------------------------------

The Cochrane Consumers and Communication Review Group's data extraction protocol \[[@pone.0236643.ref035]\] was used to extract the following information about studies that monitored external workload by accelerometry-based indexes in invasion team sports: (1) authors and date, (2) participant data (including sex and sample size), (3) description of the sport and competition level, ((4) type of session or sport context (training, competition, or both), (5) device and body location, (6) accelerometry-based indexes, (7) technical features of accelerometers (sample frequency, number of accelerometers 3D vs 2D, output range, and previous validity or reliability results), (8) main results and (9) referential values. This process was developed and tested with 10 randomly selected studies. First, one researcher extracted the data from the included studies and a second researcher then checked the extracted data. Disagreements were resolved by consensus.

Quality of the studies {#sec005}
----------------------

The quality of the studies was evaluated with a risk-of-bias quality form used for quantitative studies developed by Law et al. \[[@pone.0236643.ref037]\] ([S4 Table](#pone.0236643.s004){ref-type="supplementary-material"}) and composed of 16 items in an evaluation process performed by five university full professors with a PhD in sport science and a large number of publications in the field of technology to monitoring sports performance in team sports. Cohen's Kappa was calculated with 95% confidence interval to evaluate the inter-coders reliability and interpreted as: \<0.20 *poor*, 0.21--0.40 *fair*, 0.41--0.60 *moderate*, 0.61--0.80 *good*, \>0.80 *very good* \[[@pone.0236643.ref038]\].

Articles were assessed based on purpose (item 1), relevance of background literature (item 2), appropriateness of study design (item 3), sample studied (items 4 and 5), use of informed consent procedure (item 6), outcome measures (items 7 and 8), method description (item 9), significance of results (item 10), analysis (item 11), practical importance (item 12), description of dropouts (item 13), conclusions (item 14), practical implications (item 15), and limitations (item 16). All 16 quality criteria were rated on a binary scale (0/1), wherein two of those criteria (items 6 and 13) presented the option: 'If not applicable, assume N/A'. The introduction of this option for items 6 'Was informed consent obtained?' and 13 'Were any dropouts reported?' was included because, in some studies, the investigators were not required to obtain informed consent (item 6) or report dropouts (item 13). The introduction of the option 'not applicable' allowed an appropriate score for the article, eliminating the negative effect of assuming the value '0' on a binary scale, when in fact that specific item did not apply to that study. For this, the sum of the score of all items was divided by the number of relevant scored items for that specific research design. All articles were classified as (1) low methodological quality (\<50%); (2) good methodological quality (51--75%), and (3) excellent methodological quality (\>75%).

Results {#sec006}
=======

Search, selection and inclusion of publications {#sec007}
-----------------------------------------------

1371 articles were identified from the Web of Science (*n* = 566), PubMed (*n* = 443) and Scopus (*n* = 443) database search. In addition, 12 articles identified and selected in previous database searching (30^th^ June 2019) and not found on 1^st^ May 2020 were included, being a total of 1383 articles. These studies were then exported to reference manager software (Zotero), and any duplicates (818 articles) were eliminated automatically. From the remaining 565 articles, 243 did not fulfill the inclusion criteria and were removed after revision of the abstract and another 204 after full-text assessment. At the end of the screening procedure, 118 articles remained for the systematic review related to the invasion team sports modality: (a) goal striking games (soccer and hockey; *n* = 25) \[[@pone.0236643.ref006], [@pone.0236643.ref026], [@pone.0236643.ref039]--[@pone.0236643.ref061]\] ([S1 Table](#pone.0236643.s001){ref-type="supplementary-material"}), (b) goal throwing games (basketball, netball, lacrosse and handball; *n* = 33) ([S2 Table](#pone.0236643.s002){ref-type="supplementary-material"}) \[[@pone.0236643.ref008], [@pone.0236643.ref024], [@pone.0236643.ref025], [@pone.0236643.ref027]--[@pone.0236643.ref029], [@pone.0236643.ref062]--[@pone.0236643.ref088]\] and (c) try-scoring games (rugby, rugby union, rugby seven, Australian and American football; *n* = 60) \[[@pone.0236643.ref032], [@pone.0236643.ref089]--[@pone.0236643.ref147]\] ([S3 Table](#pone.0236643.s003){ref-type="supplementary-material"}).

The main reasons for exclusion were individual sports (*n* = 59), reliability and validity analyses of raw data and workload indexes through accelerometry (*n* = 38), monitoring external workload without accelerometry-based indexes (*n* = 37) and non-competitive sports contexts (*n* = 33). Other reasons for exclusion included studies that analyzed physical conditioning tests (*n* = 16) and non-invasion team sports (*n* = 14).

Quality of the studies {#sec008}
----------------------

To analyze the quality of the selected studies, the classification designed by Law et al. \[[@pone.0236643.ref037]\] that is shown as [S4 Table](#pone.0236643.s004){ref-type="supplementary-material"} was utilized. Previously to quality assessment, an inter-coder reliability analysis was performed, obtaining a value of 0.93 that represents a very good agreement between observers (Confidence interval 95%: 0.89 to 0.96). The main results of the quality indicators for the selected studies were as follows: (1) the average methodological quality score was 82.3%; (2) Two articles reached the maximum score of 100%; (3) no study obtained a score below 50%; (4) 33 studies obtained a score between 50% and 75% (good methodological quality); and (5), 83 articles reached a rating of \>75% (excellent methodological quality).

Four items were mainly related with methodological deficiencies in the selected studies: (1) Criterion 5 where 84.6% of studies did not show an explicit justification of the study sample size; (2) Criterion 16 where 60.7% of articles did not clearly acknowledge the limitations of the study; (3) Criterion 8 where 66.9% did not report the validity of the accelerometry-based index of the device; and (4) Criterion 7 where 42.4% did not report the reliability of the device for accelerometry-based index measurement.

Scientific journals, sports context, competition level, sex and publication years {#sec009}
---------------------------------------------------------------------------------

[Fig 2](#pone.0236643.g002){ref-type="fig"} shows the scientific journals, sports context, sports level, sex and publication years of the selected studies that use accelerometry-based indexes for workload monitoring in invasion team sports. The trends of topic publications are shown in [Fig 2A](#pone.0236643.g002){ref-type="fig"}, where there exists an increasing number of publications with an exponential evolution from 2015. The 118 papers included in the systematic review were published in 27 different journals, with 59.3% appearing in 4 journals, each publishing at least ten articles ([Fig 2B](#pone.0236643.g002){ref-type="fig"}).

![(a) Research evolution, (b) scientific journals, (c) type of session, (d) competition level and (e) sex of participants in the selected studies that use accelerometry-based indexes for monitoring workload in sport.](pone.0236643.g002){#pone.0236643.g002}

Most of the studies analyzed competition (58 articles, 49%) or training (32 articles, 27%) separately, with only 24% of selected studies that analyzed both contexts ([Fig 2C](#pone.0236643.g002){ref-type="fig"}). Most of the reviewed papers analyzed elite (46 articles, 39%) and professional-level (37 articles, 31%) athletes, although studies in other levels as junior (19%), university (8%) and amateur (2%), and referees (1%) were also carried out ([Fig 2D](#pone.0236643.g002){ref-type="fig"}). Finally, 86% of selected studies were performed with males compared to 14% with females ([Fig 2E](#pone.0236643.g002){ref-type="fig"}).

Body location, devices and invasion team sports analyzed {#sec010}
--------------------------------------------------------

[Fig 3](#pone.0236643.g003){ref-type="fig"} shows the body location, devices and companies, indexes and invasion team sports analyzed by scientific studies through accelerometry-based workload indexes. The most common body location for evaluation was the scapulae (95.8%, 113/118), through MinimaxX (23.7%, 28/118) and Optimeye (33.9%, 40/118) devices in their different versions, developed by the Australian company Catapult Sports (64.4%, 76/118). Most papers were descriptive and assessed maximum accelerations (impacts, collisions) (21/118, 17,8%) or accumulated workload accelerometry-based indexes expressed as arbitrary units (a.u.) through different indexes related to the developer company of the device (16 indexes). Australian football (18.6%, 22/118), soccer (20.3%, 24/118), rugby (13.6%, 16/118) and basketball (16.9%, 20/118) were the most frequently investigated invasion team sports. In addition, impact and collisions were mostly assessed in try-scoring games, and Dynamic Stress Load, Locomotion efficiency, Impulse Load and PL~RE~ in goal striking games (see [Table 1](#pone.0236643.t001){ref-type="table"} for definitions).

![Classification of selected studies related to body location, device model and company, accelerometry-based workload indexes and invasion team sport.](pone.0236643.g003){#pone.0236643.g003}
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###### Accelerometry-based external workload variables utilized in the selected studies in this systematic review.

![](pone.0236643.t001){#pone.0236643.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Index                                                                                                                                                                                                                                   Description                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Units                               Developing company   Formula
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------- -------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  AcelT                                                                                                                                                                                                                                   Root square of the sum of the accelerations in the three axes of movement.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Meters per second square (m·s^2^)   None                 $\sqrt{\left( {x^{2} + y^{2} + z^{2}} \right)}$

  Body Load (BL)                                                                                                                                                                                                                          Accelerometry-load based index in the three axes of movement. Following steps are repeated for each acceleration value: (1) Initialize the Body Load count to 0; (2) Root square of the sum of the accelerations in the three axes of movement (x, y and z); (3) Normalize the magnitude vector by subtracting a notional 1G; (4) If the normalized value is less than 0.25G then go to step 2; (5) Calculate the unscaled Body Load (USBL) contribution for this acceleration vector; (6) Calculate the scaled Body load (SBL) considering the accelerometer logging rate (100 Hz) and Exercise Factor (EF); (7) Calculate the total Body Load as the accumulation of the scaled Body Load count.   Arbitrary units (A.U.)              GPS Sports           1\. BL = 0

  2\. $\sqrt{\left( {{ay}^{2} + {ax}^{2} + {az}^{2}} \right)}$                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

  3\. NV = V-- 1.0 G                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  5\. USBL = NV + (NV)^3^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  6\. SBL = USBL / 100 / EF                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  7\. BL + SBL                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

  Body Load 2D (BL2D)                                                                                                                                                                                                                     Accelerometry-load based index in the two planes of movement (anteroposterior and mediolateral). Same steps as BL but not considering z-axis in the formula.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Arbitrary units (A.U.)              GPS Sports           2\. $\sqrt{\left( {{ay}^{2} + {ax}^{2}} \right)}$

  Collisions                                                                                                                                                                                                                              For a collision to be detected, the unit was required to be in a nonvertical position, meaning the player was leaning forwards, backwards, or to the left or right. The instantaneous player load was calculated from the sum of the three axes of acceleration. A spike in the instantaneous player load shortly before the change in orientation of the unit was also required for the collision to be detected.                                                                                                                                                                                                                                                                                   Count (n)                           Catapult             Not applicable

  Dynamic Stress Load (DSL)                                                                                                                                                                                                               It was calculated as the total of the weighted impacts. Impacts were weighted using a convex-shaped function (approximately a cubic function), an approach similar to the one used in the speed-intensity calculation, with the key concept being that an impact of 4g is more than twice as hard on the body as an impact of 2 g. The weighted impacts were totaled and finally scaled to give more workable values expressed in arbitrary units (AU).                                                                                                                                                                                                                                              Arbitrary units (A.U.)              StatSports           Not provided

  Impacts                                                                                                                                                                                                                                 Using the magnitude of the 3-dimensional accelerometer values at any time point, impacts were identified as maximum accelerometer magnitude values above Xg in a 0.1-second period in relation to manufacturers' specifications.                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Count (n)                           GPS Sports           Not applicable

  StatSports                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  *GPS Sports*: 6 ranges of impacts according to the impact intensity: very light (\<5.0-6g), light to moderate (6.1--6.5), moderate to heavy (6.5--7.0), heavy impact (7.1--8.0), very heavy (8.1--10.0) and severe (over than 10.1g).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  *StatSports*: Values above 2g.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  *RealTrack Systems*: Configurable threshold from 1 to 1000 G.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

  IMA                                                                                                                                                                                                                                     Application of polynomial smoothing curves between the start and end point of identified accelerative events. The magnitudes of such events are subsequently calculated by summing the accelerations under the polynomial curves, measured in terms of delta-velocity.                                                                                                                                                                                                                                                                                                                                                                                                                               Meters per second square (m·s^2^)   Catapult             Not provided

  Impulse Load                                                                                                                                                                                                                            Sum of the forces in the medio-lateral, anterior-posterior and vertical plane in relation to gravity.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Newtons (N)                         Zephyr Technology    $\sum\limits_{s = 1}^{n}\frac{\sqrt{x_{s}^{2} + y_{s}^{2} + z_{s}^{2}}}{9.8067}$

  Locomotion Efficiency                                                                                                                                                                                                                   To assess the within-match patterns of PlayerLoad^TM^ and its individual planes in comparison to the locomotor activities, PLz was made relative to the total distance covered (TDC) as a measure of players locomotor efficiency.                                                                                                                                                                                                                                                                                                                                                                                                                                                                   Arbitrary units (A.U.)              Catapult             $\frac{\sqrt{\frac{\left( {{up}_{t = i + 1} - {up}_{t = i}} \right)^{2}}{100}}}{Total\ Distance\ Covered}$

  PlayerLoad^TM^ (PL^TM^)                                                                                                                                                                                                                 Change in acceleration in the anterior-posterior (ax) medio-lateral (ay) and vertical (az) planes.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   Arbitrary units (A.U.)              Catapult             $\sqrt{\frac{\left( {{fwd}_{t = i + 1} - {fwd}_{t = i}} \right)^{2} + \left( {{side}_{t = i + 1} - {side}_{t = i}} \right)^{2} + \left( {{up}_{t = i + 1} - {up}_{t = i}} \right)^{2}}{100}}$

  PlayerLoad^TM^ x-axis (PLx)                                                                                                                                                                                                             Change in acceleration in the anterior-posterior (ax) plane.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Arbitrary units (A.U.)              Catapult             $\sqrt{\frac{\left( {{side}_{t = i + 1} - {side}_{t = i}} \right)^{2}}{100}}$

  PlayerLoad^TM^ y-axis (PLy)                                                                                                                                                                                                             Change in acceleration in the medio-lateral (ay) plane.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Arbitrary units (A.U.)              Catapult             $\sqrt{\frac{\left( {{fwd}_{t = i + 1} - {fwd}_{t = i}} \right)^{2}}{100}}$

  PlayerLoad^TM^ z-axis (PLz)                                                                                                                                                                                                             Change in acceleration in the vertical (az) plane.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   Arbitrary units (A.U.)              Catapult             $\sqrt{\frac{\left( {{up}_{t = i + 1} - {up}_{t = i}} \right)^{2}}{100}}$

  PlayerLoad^TM^ 2D (PL2D)                                                                                                                                                                                                                Change in acceleration in the anterio-posterior (ax) and medio-lateral (ay) plane.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   Arbitrary units (A.U.)              Catapult             $\sqrt{\frac{\left( {{fwd}_{t = i + 1} - {fwd}_{t = i}} \right)^{2} + \left( {{side}_{t = i + 1} - {side}_{t = i}} \right)^{2}}{100}}$

  PlayerLoad^TM^ slow (PLslow)                                                                                                                                                                                                            Change in acceleration in the anterior-posterior (ax) medio-lateral (ay) and vertical (az) planes lower than 2G.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Arbitrary units (A.U.)              Catapult             $\sqrt{\frac{\left( {{fwd}_{t = i + 1} - {fwd}_{t = i}} \right)^{2} + \left( {{side}_{t = i + 1} - {side}_{t = i}} \right)^{2} + \left( {{up}_{t = i + 1} - {up}_{t = i}} \right)^{2}}{100}}$

  Player Load~RT~\                                                                                                                                                                                                                        Vector sum of the Body accelerometric channel calculated through the sensorial fusion of inertial device sensors (accelerometer, gyroscope, magnetometer) in its 3 axes (vertical, anteroposterior and lateral).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Arbitrary units (A.U.)              RealTrack Systems    ${PL}_{n} = \sqrt{\frac{\left( X_{n} - X_{n - 1} \right)^{2} + \left( Y_{n} - Y_{n - 1} \right)^{2} + \left( Z_{n} - Z_{n - 1} \right)^{2}}{100}}$
  (PL~RT~)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  $PL\ acummulated = {\sum\limits_{n = 0}^{m}{{PL}_{n}\ x\ 0,01}}$                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  Player Load~RE~ (PL~RE~)                                                                                                                                                                                                                The player load is calculated and presented as a downscaled (i.e., divided by 800) value of the square sum of the high-passed filtered accelerometer values for the respective axes (X, Y, and Z).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   Arbitrary units (A.U.)              ZXY SporTracking     $\frac{\left( {x^{2} + y^{2} + z^{2}} \right)}{800}$

  Total Load                                                                                                                                                                                                                              Total of the forces on the player over the entire session based on accelerometer data alone where aca is acceleration along the anterior-posterior axis, acl is acceleration along the lateral axis and acv is acceleration along the vertical axis, i is the current time and t is time. This is then scaled by 1000.                                                                                                                                                                                                                                                                                                                                                                               Arbitrary units (A.U.)              StatSports           $\frac{\sqrt{\left( {{aca}_{t = i + 1} - {aca}_{t = i}} \right)^{2} + \left( {{acl}_{t = i + 1} - {acl}_{t = i}} \right)^{2} + \left( {{acv}_{t = i + 1} - {acv}_{t = i}} \right)^{2}}}{1000}$
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Accelerometry technical features and based workload indexes {#sec011}
-----------------------------------------------------------

About technical features, 102 articles (86.4%) mentioned the sampling frequency of the accelerometers, being in all cases of 100 Hz, and the triaxial properties of the accelerometers (89.8%, 106/118). Instead, only 9 studies showed the number of accelerometers that composed the devices (4 accelerometers, 6.8%, 8/118; 3 accelerometers, 1/118). Respect to the reproducibility and the accuracy of the accelerometers, 41 articles not reported both aspects (34.75%), 37 articles reported the reliability (31.4%) and 10 reported the validity to measure the accelerometry-based workload index (8.5%). Only 30 articles reported the validity and reliability of the accelerometers that composed the inertial devices (25.4%).

Finally, [Table 1](#pone.0236643.t001){ref-type="table"} shows the accelerometry-based indexes utilized for workload monitoring with the developer company, description, measurement unit and formula for its calculation. The most frequently used is PlayerLoad^TM^ (PL^TM^) developed by Catapult Sports (77 studies, 65.3%). Also, variations of the original formula such as accelerometry workload at low intensity (PLslow, 11 studies, 9.3%) and divided by axis such as PLx (14 studies, 11.9%), PLz (13 studies, 11.1%) and PLy (14 studies, 11.9%) were utilized (more details in [Fig 3](#pone.0236643.g003){ref-type="fig"}).

Discussion {#sec012}
==========

This manuscript showed a general overview of the use of accelerometry as a method of workload monitoring in invasion team sports, including research evolution, journals, sport modalities and contexts, competition level, sex, device location, accelerometry-based variables and technical features. For this purpose, a systematic review was carried out of the articles related to the study topic \[[@pone.0236643.ref034], [@pone.0236643.ref035]\]. The main results show a rapidly increasing number of publications about accelerometry-based workload monitoring, where training and competition were analyzed separately, in elite and professional-level men, placing the device at the scapulae level and using the PL^TM^ index in invasion team sports in outdoor and indoor conditions.

Competition vs. training {#sec013}
------------------------

Most studies analyzed training and competition contexts separately (78%) so that only a limited number compared both contexts (22%). The interrelation between training and competition during sports seasons is essential to achieve the appropriate adaptations, maintain optimal players' physical fitness and avoid the occurrence of injuries due to an irregular workload dynamic between both sports contexts \[[@pone.0236643.ref007], [@pone.0236643.ref028]\]. Therefore, the sports tasks selection concerning the purpose of the training sessions and workload planning during competitive microcycles is fundamental for sports performance \[[@pone.0236643.ref039], [@pone.0236643.ref148]\].

In this review, a total number of 28 publications were found that performed an external workload analysis through accelerometry-based indexes in training and competition. Most studies analyzed the overall weekly workload (training and competition) and did not provide distinct training and competition hours so that the normalization is not possible making their comparison difficult \[[@pone.0236643.ref032], [@pone.0236643.ref062], [@pone.0236643.ref063], [@pone.0236643.ref089]--[@pone.0236643.ref092]\]. To solve this problem, different researches contain the workload related to playing time \[[@pone.0236643.ref039], [@pone.0236643.ref040], [@pone.0236643.ref064]--[@pone.0236643.ref066]\]. Therefore, future researches should provide training and competition hours or present the workload indexes both total and relative to playing time to allow for comparison between sports contexts.

Four studies that compared both sport contexts found a higher workload in training than in competition \[[@pone.0236643.ref025], [@pone.0236643.ref040], [@pone.0236643.ref064], [@pone.0236643.ref065]\]; four other articles reported the opposite \[[@pone.0236643.ref039], [@pone.0236643.ref041], [@pone.0236643.ref066], [@pone.0236643.ref093]\]. Higher competition workload reported in some studies may be the consequence of differences in weekly schedules, not accounting for conditions (e.g. day after game (starting vs substitutes), strength and power capabilities, technical-tactical elements, activation drills) for further analysis. Gentles et al. \[[@pone.0236643.ref041]\] analyzed the average training session workload in comparison with competition in university-level female soccer players through Impulse Load (20120±8609 vs. 12410±4067). Montgomery et al. \[[@pone.0236643.ref066]\] assessed the differences between 5vs5 game-based tasks in training in comparison with competition through PL/min (2.79±0.58 vs 1.71±0.84). Ritchie et al. \[[@pone.0236643.ref093]\] found a greater workload in training compared with matches during the pre-season (PL: 1985±745 vs. 1010±290), and the opposite during the competitive season (PL: 1014±383 vs. 1320±195).

On the other hand, if each training session is analyzed specifically and is not masked by overall weekly workload demands, a higher workload than the competition can be found depending on the training session purpose. In this sense, Beenham et al. \[[@pone.0236643.ref040]\] found higher demands in 2vs2, 3vs3 and 4vs4 small-sided games in comparison with official matches in youth soccer measured by PL/min. Chandler et al. \[[@pone.0236643.ref065]\] and Fox et al. \[[@pone.0236643.ref064]\] showed a greater workload when the purpose of the training sessions was physical conditioning or game-based training in comparison with competition in women's netball and men's basketball respectively.

It is necessary for the best preparation of the player to understand physical and physiological stress during both training and competition \[[@pone.0236643.ref028], [@pone.0236643.ref066], [@pone.0236643.ref093]\]. A correct training session design related to the technical-tactical-physical purpose and the competition is important for workload managing during competitive microcycles \[[@pone.0236643.ref004], [@pone.0236643.ref005], [@pone.0236643.ref064]\]. In this sense, the use of effective strategies can help to anticipate the higher peak of performance in competition \[[@pone.0236643.ref067], [@pone.0236643.ref068], [@pone.0236643.ref094]\]. Also, it is important to monitor the player during all the training phases to assure the efficacy of the training effectiveness \[[@pone.0236643.ref095]--[@pone.0236643.ref097]\]. For this purpose, combined monitoring of internal responses with external workload demands through different variables based on tracking systems or accelerometry allow workload monitoring in an objective way \[[@pone.0236643.ref004], [@pone.0236643.ref015]\], being fundamental the selection of suitable workload indexes crucial for their control and also a clear presentation of the results for better decision-making by the team staff \[[@pone.0236643.ref149]\].

Device location {#sec014}
---------------

In most of the analyzed studies, the inertial devices composed of tri-axial accelerometers for external workload monitoring in invasion team sports have been placed on the scapulae using an anatomically adjusted harness \[[@pone.0236643.ref008], [@pone.0236643.ref017], [@pone.0236643.ref026], [@pone.0236643.ref069], [@pone.0236643.ref093], [@pone.0236643.ref098], [@pone.0236643.ref099]\], except in a few studies where the companies recommend the location on the center of mass \[[@pone.0236643.ref024]--[@pone.0236643.ref026], [@pone.0236643.ref029]\] or the sternum \[[@pone.0236643.ref041]\].

The device location in team sports has been on the scapulae as this place is the most acceptable for detecting position coordinates by GNSS (latitude/longitude) in outdoor conditions \[[@pone.0236643.ref015], [@pone.0236643.ref040]\], or horizontal LPM using radio-frequency systems in indoor conditions \[[@pone.0236643.ref150]--[@pone.0236643.ref153]\]. Placing the device in a different location from the scapulae is sometimes selected because a body-worn accelerometer only measures the acceleration of the segment to which it is attached \[[@pone.0236643.ref154]\]. Thus, to detect more accurately the specific skills and workload of each sports discipline, accelerometers have been placed on different locations like the wrist in tennis \[[@pone.0236643.ref155]\], the head in swimming \[[@pone.0236643.ref156]\], the cockpit in kayak \[[@pone.0236643.ref157]\], the handlebar, seat or bike shank in cycling XCO-MTB \[[@pone.0236643.ref158], [@pone.0236643.ref159]\], or the tibia during running \[[@pone.0236643.ref019], [@pone.0236643.ref154], [@pone.0236643.ref160]\].

Therefore, if the aim is to record and measure specific events or skills, the device location should be the closest to the segment that performs the movement/action to achieve the highest accuracy \[[@pone.0236643.ref154]\]. Conversely, if the aim is to record and measure player tracking, the device must be placed on the scapulae to achieve the highest accuracy both in indoor and outdoor conditions \[[@pone.0236643.ref161]--[@pone.0236643.ref164]\]. To combine both measures and achieve the highest accuracy in both aims, the proposed solution is the development of a system composed of two interconnected parts: (a) an inertial device or HUB (signal concentrator) located on the scapulae for tracking location and receiving the signal from (b) different micro-sensors (accelerometers, gyroscopes, etc.) placed on different anatomical locations to detect the specific accelerometry-based workload of each segment. These micro-sensors would send the signal to the HUB by wireless technology (Ant+, Bluetooth, among others) where it would be stored for subsequent analysis. In this way, a recent study proposed the monitoring of different body locations simultaneously (scapulae, lumbar region, knees and ankles) through multiple inertial devices that could be attached to the body with elastic bands and harness or with a specific one-piece sport jumpsuit with pockets \[[@pone.0236643.ref165]\].

Accelerometry-based workload indexes {#sec015}
------------------------------------

Currently, from the raw data obtained by the accelerometer, the analysis of external workload is carried out from two main variables: impacts as a function of intensity ranges and PL^TM^ in its different variants (2D, x-axis, y-axis, z-axis, slow). Workload quantification about the intensity of impacts has been used predominantly in rugby \[[@pone.0236643.ref092], [@pone.0236643.ref100]--[@pone.0236643.ref103]\], soccer \[[@pone.0236643.ref042]\] and American football \[[@pone.0236643.ref099]\]. In rugby and American football the detection threshold is 10G \[[@pone.0236643.ref091], [@pone.0236643.ref092], [@pone.0236643.ref099], [@pone.0236643.ref103]\]. In soccer, the detection threshold is 5G, and the number of impacts ranges from 490±309.5 to 613.1±329.4 number of impacts \[[@pone.0236643.ref042]\]. In trying score games, a greater number of \>5G impacts were found in rugby 895±325 \[[@pone.0236643.ref102]\], rugby union 1222±607 \[[@pone.0236643.ref103]\] and American football 951±192 \[[@pone.0236643.ref099]\]. This difference could be due to the lower intensity of physical contacts in soccer (disputes, tackles, charges) compared with rugby or American football (collisions, scrum, rucks, etc.), or different game duration and format. Therefore, it is important to analyze the specific demands of each sport modality and to adapt the indexes or threshold detection for an accuracy workload monitoring during training and competition contexts.

The most frequently used accelerometry-based index is PL^TM^, which represents the accumulative workload in the three axes of movement during all sessions. For the comparison between sports disciplines, the variable PL^TM^ is normalized by total session time \[min\]. Studies that included time normalized PL^TM^ reported different workloads across sports as soccer 10.18±2.12 \[[@pone.0236643.ref040]\] or 10.6--13.2±1.5--2.5 \[[@pone.0236643.ref043]\], netball 9.4--10.6±2.4--3.6 \[[@pone.0236643.ref070]\], MMA 15.37±1.71 \[[@pone.0236643.ref166]\], handball 9.18--9.76±0.6--1.4 \[[@pone.0236643.ref069]\], rugby union 7.6±0.6 \[[@pone.0236643.ref104]\], hockey 13.8--12.5±1.6--1.0 \[[@pone.0236643.ref044]\], lacrosse 7.6--9.9±1.5--2.7 \[[@pone.0236643.ref071]\], Australian football 15.1--16.3±0.9--1.4 \[[@pone.0236643.ref105]\] and rugby 7.2--10.4±0.8--2.0 \[[@pone.0236643.ref100]\]. These data confirm that each sport has specific demands regarding external workload, being the ranges as a consequence of the different playing positions. Therefore, it is necessary to analyze the competition workload to design the optimal stimulus during training sessions for sports performance enhancement.

Different investigations also use other PL^TM^-dependent variables such as their segmentation by axes (PL~x~, PL~y~, PL~z~) to analyze the specific contribution of each axis in the total workload on the technical-tactical skills or which axis is more related to fatigue during competition \[[@pone.0236643.ref040], [@pone.0236643.ref062], [@pone.0236643.ref065], [@pone.0236643.ref070], [@pone.0236643.ref106], [@pone.0236643.ref167]\]. Otherwise, PL~slow~ quantifies the contribution of low-intensity workload (\<2G) to the total workload of the players \[[@pone.0236643.ref090], [@pone.0236643.ref100], [@pone.0236643.ref104], [@pone.0236643.ref107], [@pone.0236643.ref108]\]. These two indexes allow higher accuracy and individualization of the demands performed by the athletes. The highest contribution to the external workload suffered by the athletes is from the vertical axis of movement, being over 50% of the total workload (y-axis \> x-axis \> z-axis). Also, the low-intensity workload represented between 35 and 50% of the cumulative PL. Therefore, the assessment of both indexes will be important for designing individualized technical-tactical-physical workloads and making possible the objective detection of players' deficiencies and optimum performance value enhancement.

Finally, concerning the company that develops each device, other variables are found in sport sciences area such as Dynamic Stress Load \[[@pone.0236643.ref045]\], Body Load \[[@pone.0236643.ref109]\], Total Load \[[@pone.0236643.ref046]\], Force Load \[[@pone.0236643.ref032]\], Impulse Load \[[@pone.0236643.ref041]\], PL~RT~ \[[@pone.0236643.ref027]\] or PL~RE~ \[[@pone.0236643.ref026]\] to quantify the cumulative workload during training sessions or official matches in team sports. These indexes are based on the accelerometry raw data in the 3-axes of movement applying different algorithms and scaled values. This makes the comparability of data from different devices difficult \[[@pone.0236643.ref168]\]. The result is a very high to perfect correlation between accelerometry-based workload indexes with very large differences in absolute values \[[@pone.0236643.ref047]\].

Thanks to this great number of variables, it is possible to specifically analyze the accelerometry load in each sports discipline, both the accumulative load and the specific demands of skills/abilities, with the aim of individualizing the specific load in each sport in relation with player position or roles in competition. However, a consensus is necessary to be able to compare data among devices.

Accelerometer technical features {#sec016}
--------------------------------

Most studies with the purpose to detect movement patterns in invasion team sports through accelerometers presented a sampling frequency of 100 Hz. This technical feature is important to ensure high data quality during data collection \[[@pone.0236643.ref169]\]. A lower sampling rate is related to lower accuracy \[[@pone.0236643.ref153]\]. For this reason, Migueles et al. \[[@pone.0236643.ref170]\] recommended the use of a minimum of 90 Hz when researchers are using the manufacturer methods, or 100 Hz when researchers are filtering and processing the signal on their own. Therefore, a sampling frequency of 100 Hz is enough to detect external workload in the three-axis of movement through accelerometers in team sports.

Other important technical features that should be considered are the planes of movement (2 planes x-y vs 3 planes x-y-z), the number of accelerometers that compose the device and the output range of each accelerometer. Most of the studies shown that triaxial accelerometers composed the inertial device used. This characteristic is fundamental to detect three-dimensional movement and, consequently, to calculate the external workload index, which requires the acceleration in the three axes \[[@pone.0236643.ref015], [@pone.0236643.ref047], [@pone.0236643.ref170]\]. On the other hand, only 9 studies specified the number of accelerometers used in the devices. The number of accelerometers is only important if the output range of each accelerometer is considered. WIMU PRO is composed of four accelerometers with specific output ranges ±16g, ±16g, ±32g and ± 400g \[[@pone.0236643.ref047], [@pone.0236643.ref048], [@pone.0236643.ref072]\] while Optimeye S5 is composed of three ±16g accelerometers \[[@pone.0236643.ref049]\]. This technical feature is very important due to the second device cannot detect the peak of force generated when a collision is over than 16g. Therefore, the number of accelerometers cannot be considered as a quality criterion without the output range of the accelerometers that compose the device. For this reason, both technical aspects should be described in the methods section to identify if the accelerometers can detect with high accuracy all movements or events evaluated (total workload and peak workload) during training and competition.

Finally, the most important technical feature is the validity and reliability of accelerometers. The reliability is the consistency of measure between devices and across time that allows the workload comparison between devices and between sessions, while the validity is the extent to which the scores actually represent the variable they are intended to \[[@pone.0236643.ref171]\]. In this systematic review, it is worrying that only 25.4% of the selected studies reported both validity and reliability, 31.4% only reliability and 8.5% only validity of accelerometers. Specifically, the validity and reliability of PL and MinimaxX \[[@pone.0236643.ref016], [@pone.0236643.ref019]\], PL~RT~ and WIMU PRO \[[@pone.0236643.ref018], [@pone.0236643.ref021]\], Body Load and SPI-PRO \[[@pone.0236643.ref172]\] and Impulse Load and Zephyr Bioharness \[[@pone.0236643.ref173]\] have been evaluated previously. All devices and accelerometry-based variables presented satisfactory results, except BodyLoad \[[@pone.0236643.ref172]\].

Among studies that cited the reliability and validity of accelerometers, 15 investigations (i.e. 12.7%) cited the reliability and validity of other devices that were not used in their respective research. Investigations measured with Optimeye and Team 2.5 devices (Catapult Sports) \[[@pone.0236643.ref062], [@pone.0236643.ref067], [@pone.0236643.ref069], [@pone.0236643.ref073], [@pone.0236643.ref074], [@pone.0236643.ref104], [@pone.0236643.ref110]--[@pone.0236643.ref112]\], ZXY Sportracking (Radionor Communications) \[[@pone.0236643.ref026]\], X8-mini (Gulfcoast Data Concept) \[[@pone.0236643.ref024], [@pone.0236643.ref025], [@pone.0236643.ref029]\], Actilife v12 (ActiGraph) \[[@pone.0236643.ref075]\], and Viper V2 (StatSport) \[[@pone.0236643.ref076]\] cited the validity study of Barrett et al. \[[@pone.0236643.ref019]\] and reliability of Boyd et al. \[[@pone.0236643.ref016]\] realized with MinimaxX devices (Catapult Sports). Noteworthy, 34.7% of the studies did not report the validity or reliability and did also not refer to literature findings for this purpose.

Therefore, the validity and reliability of the accelerometer-derived outcomes to determine how they can be effectively applied to individual and team sports is necessary. A consensus in this aspect should be reached for that companies need to assess their devices through an independent and standardized protocol that assure the accuracy and reproducibility of accelerometer-derived outcomes in different context and sports.

Sports modalities, sex and category {#sec017}
-----------------------------------

Most of the selected studies have been on Australian football, rugby, soccer and basketball. The rest of invasion team sports have aroused low research interest. Thanks to the Australian Centre of Microtechnological Research through the Project 2.5 "Technology of Communication to Athletes Monitoring" beginning to design a unique and non-intrusive device for sports monitoring in real-time in 2001 \[[@pone.0236643.ref014]\], the research topic has been centered on the most popular sports in this region (Australian football and rugby), developing specific variables such as impact/collision detection \[[@pone.0236643.ref092], [@pone.0236643.ref100]--[@pone.0236643.ref103]\]. Later, from the results obtained and the high socioeconomic impact, this technology began to be used in the most popular sports in Europe and the United States such as soccer and basketball \[[@pone.0236643.ref006], [@pone.0236643.ref027], [@pone.0236643.ref029], [@pone.0236643.ref040], [@pone.0236643.ref050], [@pone.0236643.ref051], [@pone.0236643.ref063], [@pone.0236643.ref064]\].

This socioeconomic aspect is also found in the sports category and sex. The majority of studies were performed at the elite and professional-level (77%) with men players (87%). This has meant that numerous studies have analyzed the relationship between accelerometry-based workload indexes and low-cost objective and subjective monitoring methods due to the low economic resources in the rest of the categories. Different research has related the accelerometry-based indexes with heart rate workload indexes such as training impulse (TRIMPS), and Edwards or summated heart rate zones (SHRZ) finding very high to almost perfect validity values \[[@pone.0236643.ref008], [@pone.0236643.ref017], [@pone.0236643.ref064]\]. Besides, it also has been related to sRPE \[[@pone.0236643.ref017], [@pone.0236643.ref052], [@pone.0236643.ref063]\] or subjective tools such as Integral System of Training Task Analysis (SIATE) \[[@pone.0236643.ref053], [@pone.0236643.ref174]\] with high to very high correlation values. Therefore, due to the low economic resources in non-professional categories and women's sports, these alternative methods could be used for workload monitoring subjectively, both at internal and external workload levels. In addition to finding alternative methods for workload monitoring, it is the task of researchers and professional teams to help knowledge development through research in these sports populations where the largest number of athletes and licenses are to be found.

Although there are existing correlations between accelerometry-based workload with external subjective (SIATE) and internal subjective (sRPE) and objective (TRIMPS, Edwards and SHRZ) workload indexes, the use of accelerometers is recommendable to quantify external workloads objectively. Their reliability, precision and sensitivity are greater compared to other external workload quantification systems such as automatic and semiautomatic time-motion analysis (video tracking, GNSS or LPM) \[[@pone.0236643.ref026], [@pone.0236643.ref030]\]. Automatic and semiautomatic TMA systems may underestimate the external workload demands because static high-intensity actions (jumps, collisions, etc.) are classified in the low-intensity actions group \[[@pone.0236643.ref026]\]. Therefore, recent investigations identified that microtechnologies (e.g. wearable microsensors and accelerometers) may represent a valid and practical alternative to TMA and offer distinct advantages compared with TMA such as the relative simplification to analyze data using either proprietary or used-defined algorithms that quantify movement, detect forces generated by the athlete related to gravity, the non-invasiveness, the measuring of internal and external workload simultaneously and the real-time feedback to minimize fatigue and injury risk while ultimately improving performance \[[@pone.0236643.ref018], [@pone.0236643.ref030], [@pone.0236643.ref033], [@pone.0236643.ref047], [@pone.0236643.ref149]\].

Limitations {#sec018}
-----------

While the results of this systematic review have provided a global overview of accelerometry-based workload demands in invasion team sports, considering multiple factors such as journals, context, categories, sex, body locations, brands and devices, technical features of accelerometers, variables and specific sports, some limitations to the study must be acknowledged. Firstly, only studies from Web of Science databases, PubMed and Scopus wrote in English were included, thereby potentially overlooking other relevant publications in other languages. Besides, although the study topic was invasion team sports, it would be interesting to include in a future systematic review all team and individual sports to achieve a better overview.

Conclusions and practical applications {#sec019}
======================================

This systematic review shows all studies that carried out workload monitoring through accelerometry-based indexes in invasion team sports during training and competition contexts. From the findings of the present systematic review, different conclusions could be shown:

1.  There has been an increase in workload monitoring through accelerometry-based indexes in training and competition, for which previous validity and reliability analysis is necessary both to evaluate the accuracy and allow comparison among and within units.

2.  A large number of accelerometry-based workload indexes were found depending on the device manufacturing companies. The most widely used is PL^TM^, but index unification among companies is required to be able to compare results among studies.

3.  The upper back (scapulae) is the most common body location used to place the inertial device on the players due to the better tracking signal reception by Global Navigation Satellite Systems in outdoor and Local Position Measurement in indoor conditions. New research should quantify the workload not only on the scapulae but in different body segments simultaneously in training and competition contexts in order to identify the real workload of the athlete during skill performance and sport locomotion more accurately.
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L96-99 -- This is a very important point to be discussed here. Please consider also to include something about the comparison between accelerometers and time-motion analysis. With this regard, accelerometers do not provide information about static actions too when an effort is performed without an acceleration (e.g. screenings or a prolonged stance position in basketball) but their reliability is greater compared to other systems. Furthermore, accelerometers provide real-time data. This paragraph should be improved to better develop the importance of using accelerometers compared to other systems and to further underline the importance of carrying out this review. For example, it has been stated that "microtechnologies (e.g., wearable microsensors and accelerometers) in basketball may represent a valid and practical alternative to TMA" (Ferioli, 2020) or "accelerometers offer distinct advantages compared with TMA, with accelerometer data being relatively simple to analyze using either proprietary or user-defined algorithms that quantify movement" (Fox, 2017).

\- Match Activities in Basketball Games: Comparison Between Different Competitive Levels. Ferioli D, Schelling X, Bosio A, La Torre A, Rucco D, Rampinini E. J Strength Cond Res. 2020 Jan;34(1):172-182. doi: 10.1519/JSC.0000000000003039.

\- A Review of Player Monitoring Approaches in Basketball: Current Trends and Future Directions. Fox JL, Scanlan AT, Stanton R. J Strength Cond Res. 2017 Jul;31(7):2021-2029. doi: 10.1519/JSC.0000000000001964.

L115 - Should "retrieved" be "peer-reviewed" manuscript?

L128 - Why did the authors include only two electronic databases? The inclusion of other databases (like Scopus, MEDLINE, ERIC, Google Scholar, SCIndex, ScienceDirect..) would have been more appropriate.

L130 -- In line with my previous comment, including more keywords (e.g. microtecnologies, workloads, physical demands..) would have been more appropriate.

L140 -- Replace (iii) with "(3)"

L141 -- Replace (3) with "(4)"

Figure 2b -- "Int J Sport Physiol" should be "Int J Sports Physiol Perform"; "J Sport Sci" should be "J Sports Sci". Please check all the journal abbreviations and edit if needed.

L261-263 -- The abbreviations included here have not been explained before. Consider including the variables without abbreviation and/or include something like "see Table 1 for definitions".

L273 -- "PlayerloadTM" should be PLTM. (see line 244). The authors should check the use of correct abbreviations (when required) throughout the manuscript.

L307-312 -- I would suggest including a message for practitioners regarding the use of accelerometers when monitoring workloads during training or competitions. The current version of this paragraph does not provide any relevant information, while this systematic review should provide insights on this topic. For example, is it important to monitor external workloads during both competitions and trainings? Would the monitoring of competition workloads assist planning training workloads? The authors did a big effort investigating workload sustained during both competitions and trainings, as such they should provide some relevant information here to underline the utility of this systematic review.

L320 -- definitions of GPS and GNSS are required here.

L323 -- definitions of LPM and UWB are required here.

L337 -- definition of HUB is required here.

L331-342. This paragraph is well discussed, providing relevant information and practical applications. Well done.

L340 and 344 -- Neuromuscular load -- Here the authors are including the term "neuromuscular load" that was not included in the introduction or elsewhere before. Can this term be replaced with external workload as done in the introduction? If not, the introduction should be edit accordingly.

L350-351 -- Are the authors referring to soccer competitions? This is not clear.

L359 -- Again, "PlayerloadTM" should be PLTM. (see line 244).

L381-382 -- "making possible objective players' weaknesses detection" is not clear enough. Please edit for clarity.

L390-392 -- This is a systematic review, as such unpublished data should not be included. Remove this sentence. It might be more appropriate to include something regarding the development of a strategy to correctly use and interpret data retrieved with different systems (and algorithms).

L416 -- Include the following reference here:

\- The relationships between internal and external training load models during basketball training. Scanlan AT, Wen N, Tucker PS, Dalbo VJ. J Strength Cond Res. 2014 Sep;28(9):2397-405. doi: 10.1519/JSC.0000000000000458.

L417 -- RPE was already abbreviated.

413-423 -- The authors should consider that despite the existing associations, accelerometers are used to quantify the external workloads, while the cited tools are used to measure the internal workloads. This should be underlined, as the reader could erroneously interpret that the systems are interchangeable. This is not the case, as workload quantification should include both internal and external measures. It might be of interest to include here and discuss the methodologies used to quantify external workloads (TMA, tracking systems..) highlighting the positive and negative aspects of using accelerometers than other systems. This paragraph should be really edit accordingly.

Reviewer \#2: Thank you for giving the chance to review the manuscript on accelerometry as monitoring tool in team sports.

General comments:

The manuscript seems to fulfill the journal publication criteria and addresses a topic perceived relevant by the scientific community for training monitoring and regulation. To a large extent, the manuscript documents descriptive data of the selected studies. The interpretation and conclusions for practical relevance can be improved. Otherwise, the value of this review is questionable. A good example of a clearly outlined relevance of this manuscript's contribution to the state of knowledge and community is device location. Here, the manuscript clearly can recommend a most common and best practice. In other regards, the value added by this review (except for the documentation of descriptive numbers) seems often questionable. In general, the value of the reported numbers can be improved by deepening the interpretation and conclusions drawn from these numbers.

A second general concern is the way how the relevance of this review and objectives is displayed in the introduction. It is recommended to outline the current deficits and needs that justify this review rather than building strongly on an increased interest (see L100), which is by the way one of the results and not a given fact at the stage of the introduction (at least it is not supported by the literature). This makes it a weak justification.

Other general concerns are addressed in specific comments relating to concrete examples but should be considered throughout the manuscript. The whole manuscript requires to be checked for weaknesses comparable with the examples pointed out in the specific comments.

The manuscript can be suitable for further consideration after a major revision. Perhaps, an expert in scientific English writing should be consulted.

Specific comments:

ABSTRACT

L30-31: „for using it if they are coherently organised" is no valuable information. More valuable would be to add the benefit of applying the method. For example: "A rapidly increasing number of studies supports the practical implementation of accelerometry monitoring to regulate and optimise training schemes." (If such statement is in line with the literature and the authors intentions).

L33: "and identify and organise them": First, correct is \"TO identify and organise them\". Second, these are weak objectives. Consider something like "to reflect the current state of knowledge and to conclude recommendations for application and scientific investigations\".

L38-39: The subsequent list is not a list of "fulfilled aspects". Reword (e.g. "main findings include"). The list is also unclear; it is not self-explaining that the first item is the addressed issue (e.g. body location for device), followed by the specification/most frequent finding etc. (e.g. scapulae). Also the punctuation marks are inconsistent (i.e. "," vs ":").

L42-44: Please aim for condensed language, straight to the point: E.g. "A great number of variables and devices from various companies makes comparability between findings difficult; unification is required." Also be careful with terms like "evident".

INTRODUCTION

L52-54: First, no "," before "that". Second, the information "that are analysed by sport scientists and fitness coaches" is not very relevant and can be removed. Third, "with the purpose of explaining\" can be replaced by "to explain\". Fourth, "explaining training effects": Really? Maybe more appropriate would be "regulate training volumes" or something comparable. Fifth, "injury risk or that of overtraining": Reword as "risk of injuries and overtraining".

Please take this first sentence as an example how to improve the writing throughout the whole manuscript.

L55: "respond" is correct.

L64: Be more precise. It is not an area. Consider "At high levels"

L65: Shorten: "to obtain" instead of "with the aim of obtaining"

L66-67: The reviewer thinks that it is not performance that is difficult to be measured but developments, training activity, input-outcome etc. Consider rewriting this statement because, as it is, this is not the reason for the subsequent statement (i.e. different methods to measure workloads indirectly).

L77: Do not use "among others". Consider "include A, B, C". Then, there is no need for "among other", "and more", "etc.".

L79: no "," before "such".

L100: the "increasing interest" is not a given fact at this stage and is not supported by the literature. It is a part of the result of this study. So, please do not refer to it as a reason for this study. Instead, you may reason by benefits of accelerometry over other methods as you indicated in the comparison with video tracking methods.

L101 ff: Please shorten the purpose and focus on things that are relevant to clarify what the major purpose is. Do not redundantly use 2 sentences introducing different purposes. The purpose and objective should match the need analysis for this study (i.e. be in line with its relevance). For example, the purpose is to summarize/reflect the current state, outline best practices, and conclude recommendations.

METHODS

L113-116: Another example for condensing the manuscript: Please consider to merge both sentences into "This manuscript is a systematic review that analyses \[30\] scientific articles related to workload monitoring via accelerometry in sports." Note that you downgrade your own work by stressing it is an exclusively theoretical work.

L116-118: Please remove completely. Repeating systematic methodology is self-explaining in a systematic review and having no complex statistics is again downgrading your own work. There is no point in doing such statement.

L119-125: Such questions do not belong in this chapter; they should be clarified in the introduction. The reviewer thinks they are clear. Second, they are not required for justification of the inclusion criteria. Therefore, the reviewer suggests removing this part. This allows merging this sub-chapter with the subsequent one: One chapter \"Design and Search Strategy\". You may start with the sentence suggested in the previous comment and then go on with L128 introducing the database search.

L132: Replace "or" by "and"

L139: Consider "across ages" or replace "different" by "various". Otherwise, "different" suggests that it was a criterion to have at least 2 levels in each study and these levels must differ. Maybe the best would be to simply remove it. As the reviewer understood it, the level was in fact not a criterion. Studies were included "irrespective of level" (that could be another wording you may use).

L140: Same goes for sexes (see previous comment). Both sexes separately and the combined analyses of both were included in the review. So, sex is no inclusion/exclusion criterion. Also, what is this different format of the number (i.e. "iii")?

L150: Please adjust by saying "competitive sports context" because it would be wrong to say health activities and practices implemented in elderly cannot be sport! Please remove "older people" in brackets.

L152: Remove the sixth point. It is redundant after defining invasive team sports as inclusion criterion previously.

L158: Please change "competition (playing level and sport)" to "sport and competition level". Moreover, check throughout the rest of the manuscript to use "competition level" instead of players'/playing/sports level.

L168-170: Please shorten to "by five university full professors with a PhD in sports science and a large number of publications in the field of xy \[specify; 1-2 words\]."

L176: Do you mean "rated" instead of "scored"?

RESULTS

L192 ff: You may shorten as follows: "From the remaining 296 articles, 83 did not fulfill the inclusion criteria and were removed after revision of the abstract and another 141 after full-text assessment."

L201: Consider to shorten: "Main reasons for exclusion were non-competitive sports contexts (n=41) and reliability and validity analyses of raw data and load indexes (n=37)".

L203-205: If these two reasons' numbers are mentionable, please add the numbers (n=?). Otherwise, there is no need to mention these two reasons at all.

L210-217: The usage of Kappa, thresholds for quality levels, and 95% CI should be introduced in methods section.

L232: Remove "With respect to the sports context". Just start with "Most studies \[...\]".

L237: Change to "males" and "females" instead of "men" and "women" as you mention that some analysed juniors.

L244: Most FREQUENTLY used.

L259-260: Again, remove "with respect...". Change to "x, y, and z were the most frequently investigated invasion team sports."

L260: What do you mean by "in a specific manner"?

L267: As mentioned in general comments: to "select" and describe is a weak purpose. Consider "summarise" and something like "identify common practices and conclude recommendations" based on the review. For explanation: A pure selection and reflection of descriptive numbers is not very helpful for the community except for other manuscripts to back up statements like "commonly/most frequently used". A more valuable contribution is to draw conclusions and to outline recommendations based on these numbers.

L269: Replace "Thus" by "Therefore". Please be aware that they are not interchangeable as thus strongly relates to the way how something is done.

L271: Be precise and correct in language: The evolution is not rapid. The increase may be. Here, the reviewer suggests "show a rapidly increasing number of publications"

L276: "Most studies" instead of "Most of the studies"

L277: "limited" instead of "reduced"

L279: "occurrence" instead of "appearance"

L283: Add: a total NUMBER of 16 publications

L284-286: Please clarify here if these studies provided training and competition hours so that they allowed for normlisation or not. If not, state it here.

L286: Rephrase: "Four studies that compared both sport contexts found higher workload in training than in competition; three articles reported the contrary."

L290: Please clarify "in relation to their purpose"

L292: "female" instead of "women"

291+294+302+305: Probably you mean "in comparison with" instead of "with respect to". Please be aware that these are not interchangeable.

L295-298: Please rephrase and condense the findings from Ritchie et al. Writing "they compared a with b, finding higher values in a and lower values in b" is not recommended.

L310: Consider "suitable" instead of "necessary".

L323: If the reviewer is not mistaken, LPM stands for Local Position Measurement (you did not introduce this and other abbreviations) and is not defined by the system that is applied to identify the location. Please check and correct in case.

L334: The reviewer suggests being careful with "must" in this context. Consider "should" or "is recommended"

L344: Is it really NEUROMUSCULAR load?

L351: Sentence is unclear. Add units to impact numbers. What means "greater impacts ARE FROM x±y"? Rephrase. Reword "under-19"/"under-15".

L353-355: Change to "due to lower intensity of physical contacts in soccer compared with American football"

L356: Therefore instead of thus

L359: most FREQUENTLY used. Also, replace "that" by ", which" (with comma)

L360-367: Rephrase these two sentences. For example: "For comparison between sports disciplines, the variable PLTM is normalized by total session time \[min\]. Studies that included time normalized PLTM reported different workloads across sports (soccer: x, netball: y...)"

L372: Reword "which of them most contributes".

L375-376: Reword "plane where the movement is produced".

L378-382: Shorten and clarify the sentence and statements made.

L386: Shorten to "These indexes"

L387: Change "but with the implementation of" to "applying".

L388: Simplify (e.g. "This makes the comparability of data from different devices difficult. The result is a \[...\]".

L440-441: The review did not assess the state of validity and reliability of workload monitoring and cannot draw conclusions if the existent research sufficiently covers this concern, right? You may elaborate this in an appropriate section to allow such conclusion. The reviewer recommends such addition rather than removing this conclusion to strengthen the value of the current manuscript.

L447: "LPS" seems to be a typo. Probably, "LPM" was meant.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Philip X. Fuchs

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.
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We look forward to receiving your revised manuscript.

Kind regards,

Cristina Cortis, Ph.D.

Academic Editor
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\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: N/A

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The authors did a good job editing the manuscript in accordance with my previous comments and implementing the number of scientific databases revised for this systematic review The rationale of the study within the introduction section, the results section and some paragraphs of the discussion section have been better developed. In my opinion, some amendments are still required to improve the quality of the manuscript. In addition, I would suggest a further proofread of the entire manuscript as it still presents some grammatical errors and, in some cases (especially in the discussion section), poorly fluid and clear sentences.

Continuous line numbering has not been used, please remember to do this step in your future submissions as stated in the authors' guidelines.

Specific comments are listed below.

ABSTRACT

Page 2, Line 4-6. Please include "1)" and "2)" before each aim.

P2, L17. "due to it is" does not sound very fluent. Please edit.

INTRODUCTION

P2- first line. "Load" should be "workload". I still noticed the use of "load" in some sentences. Please replace it with "workload" where needed.

P2- second line. "decreasing" should be "to decrease".

P2 -- line 5-6 of introduction. "Workload" instead of "load".

P3 L4-5. This sentence should be edited stating that current literature suggests to adopt strategies to monitor and quantify both internal and external workload sustained during training and competitions.

P3 L14. I do not agree with authors stating that current methodologies are "without restrictions". This should be removed as this is not true. For example, in some professional basketball leagues the use of microsensors during competitions is not allowed (e.g. basketball).

P4 L8-12. This sentence is very hard to read and should be edited and/or splitted.

P4 L12-14. I do not fully agree with this statement as TMA in some cases can be more adequate for workload (and not "load" here - edit) quantification. Authors should consider differentiating manual than automatic and semi-automatic systems of TMA. Manual TMA can be used to identify static movements performed with high-intensity efforts (e.g. body contacts) better than accelerometers, while I agree that automatic video-based analysis can underestimate workload. Edit this section accordingly.

RESULTS

P7 L3. Should "1373" be "1371"? Please check articles numbers in this section.

DISCUSSION

P12 L2-4. Please do not repeat the aim of the study here. Include a general statement to resume what has been included in this systematic review.

P12 L25. "To possibility" should be "to permit". Please edit.

P12 L26-29. The contrasting results may be also a consequence of different weekly schedules adopted. Competition formats (e.g. 1 game per week vs 2-3 games per week) considerably affect the workload outcomes, thus I suggest including this reasoning to justify the differences between these studies.

P14 L8-9. The abbreviation "GNSS" and "LPM" are required here. Please check the entire manuscript for the use of correct abbreviations.

P15 L10. Please edit with something like: the impacts registered \>5G range from .. to ..

P15 L13. "in soccer" is repeated twice.

P15 L10-14. These differences can be also a consequence of different game duration and format.

P15 L21-25. If reporting ranges, include first the lower value and then the higher (i.e. 7.6-9.9 and not 9.9-7.6). Furthermore, "y" after ref 46 should be removed.

P15 L26. "Neuromuscular" should be replaced with "external".

P15 L18-28. Can these ranges be a consequence of the different playing position? Consider including this reasoning here.

P15 last line. "and which is most.." appears to be quite disconnected. Please rephrase and include reference.

P16 L2-6. This sentence is too general; authors should include how to reach these results.

P16 L9. Accumulative or cumulative?

P16 L22-23. This sentence does not appear grammatically correct. Please edit for clarity.

P16 Last sentence. Please rephrase this sentence for clarity.

P17 L4-6. This sentence should be rephrased as it is not fluid and clear.

P17 L8-14. While I can understand the reasoning of authors here, the readers could be quite confuse from these sentences. Please rephrase for clarity.

P17 L17. Allows

P17 L19-21. This sentence is not clear enough. Are you referring that only 25.4% of studies reported BOTH validity and reliability?

P17 L21-25. Please rephrase this sentence as there are too many repetitions. Make this sentence clearer.

P18 L4-7. Maybe consider including "in different context and sports" to conclude this sentence.

P19 L9-11. I do not agree with this reasoning here. sRPE model is applied to quantify internal workload, which is a different variable than external workload. Why should we compare two different models measuring different variables? Please remove any comparison of accelerometers with sRPE model.

P19 L11. This comment refers to the entire manuscript. Consider a better use of RPE as in some occasions it has been used wrongly. Overall, RPE is not a load measurement; it is the rating of perceived exertion. Session RPE (sRPE) is the rating of perceived exertion for an entire training/competition session. sRPE workload is the workload quantified using the sRPE method. It is fundamental to use correct terms within a systematic review. See the following reference and edit within the manuscript accordingly.

Reference: Impellizzeri FM, Marcora SM, Coutts AJ. Internal and External Training Load: 15 Years On. Int J Sports Physiol Perform. 2019 Feb 1;14(2):270-273. doi: 10.1123/ijspp.2018-0935. Epub 2019 Jan 6.

P19 L11-21. According to my previous comment (P4 L12-14) I do not fully agree with this statement as TMA in some cases can be more adequate for workload (and not "load" here - edit) quantification. Authors should consider differentiating manual than automatic and semi-automatic systems of TMA. Manual TMA can be used to identify static movements performed with high-intensity efforts (e.g. body contacts, low jumps) better than accelerometers (that do not measure low static movements without important accelerations), while I agree that automatic video-based analysis can underestimate workload. Edit this section accordingly.

Reviewer \#2: The reviewer thanks for the quick and solid revision of the submitted manuscript. The authors addressed all comments and did a great job in the implementation. Some of the new additions are very valuable.

There are few remaining concerns related to old and new parts of the manuscript that can easily be fixed. After such minor revision, the reviewer suggests that there is no further reviewing round required.

First, there are issues with the pdf file received for revision that make revision difficult. The reviewer cannot tell if this is due to technical problems or caused by the authors. Therefore, addressing both authors and editor, the problems should be fixed in future submissions and reviewing processes. The problems are:

1\. The pdf for revision does not include line numbers any longer.

2\. The changes highlighted in red to not show the original text that was removed (in contrast to the changes highlighted in blue; these changes were completely tracked).

3\. Some of the previous reviewer's comments are incorrectly presented. Examples are:

3.1. R2_SC5. L52-52: The reviewer's comment was not "Third, "to explain" can be replaced by "to explain" as it was claimed. The reviewer's comment was "Third, "with the purpose of explaining\" can be replaced by "to explain\"."

3.1. R2_SC8. L65: The reviewer's comment was not "Shorten: "to obtain" instead of "to obtain"". The reviewer's comment was "Shorten: "to obtain" instead of "with the aim of obtaining""

Due to missing line numbers, the reviewer apologies to refer to chapters, paragraphs, and sentences.

Second, to the authors: When responding to comments in such way "We really appreciate your suggestions. All of them have been considered to improve the final version of the manuscript", please inform where and how such considerations were implemented, especially for general comments that do not refer to specific lines.

Abstract

Correct is as it was suggested "A great number \[...\] makeS" because ONE number is the subject in this sentence.

Methods

Study design and Search strategy

1\. Sentence: Change "peer-reviewed manuscripts (scientific papers)" to "peer-reviewed, scientific papers" because, technically, a manuscript is not the same as a paper and not all peer-reviewed products are scientific products and vice-versa; plus, it is shorter.

3\. Paragraph: "genres" is assumed to be a typo. Change to "gender" or "sex" and be consistent in which one of the two is the appropriate to be used in this manuscript.

Quality of the studies

1\. Paragraph: The last sentence "In the present study, a value of 0.93 was obtained \[...\]" is a result of this study and should be moved to the results section. In the methods, only state that Kappa and 95% CI were calculated.

Results

Competition vs. Training

2\. Paragraph: 2. Sentence: Change to "Most studies \[...\] and DID not PROVIDE DISTINCT training \[...\]"

2\. Paragraph: Last sentence: Change "to possibility the comparisons between sports contexts" to "to allow for comparison between sports contexts"

3\. Paragraph: 1. Sentence: The reviewer thinks it should be "in training than IN competition". Also, remove "but" and write "four OTHER articles".

3\. Paragraph: 2. Sentence: It is clarified now, but the reviewer suggests rephrasing as follows: "\[...\] individualize the training sessions accounting for conditions (e.g. day \[...\]"

3\. Paragraph: Last sentence: Please make a full stop before and after Montgomery's findings. Then replace Ritchie's findings by: "Ritchie et al. \[51\] found greater workload in training compared with matches during the pre-season (PL: 19851985±745 vs. 1010±290) and the opposite during the in-season (PL: 1014±383 vs. 1320±195)."

Device location

2\. Paragraph, new change: There is a wrong full stop after "\[13,46\]" and before "or by"; remove it. Change "Local Position Measurement (x/y axis)" to "horizontal Local Position Measurement (LPM)".

Accelerometry-based workload indexes

1\. Paragraph, middle: Change "are from" to "range from". What are these numbers used in soccer? If it was the number of occurrences, then write "the NUMBER OF impacts". If it was the actual impacts, use a unit.

2\. Paragraph: There seems to be a mistake where, in the list of sports, one sport between soccer and netball is referred to as "y". It is the one backed-up by reference number 84.

Accelerometer technical features

2\. Paragraph, 2. Sentence: First, change to "Most studies". Second, the sentence is grammatically wrong, and its meaning is unclear. Consider: "Most studies showed that triaxial accelerometers use inertia sensors"

2\. Paragraph, 3. Sentence: Change to "\[...\] detect three-dimensional movement and, consequently, to calculate the external workload index, which requires the acceleration in the three axes".

2\. Paragraph, 4. Sentence: Change to "\[...\] studies specified the number of accelerometers used in the devices."

2\. Paragraph, 5. Sentence: Replace by "Moreover, the output range of each accelerometer is important and should be specified."

2\. Paragraph, 6. Sentence: it states "four accelerometers with different output ranges" but then two are identical (i.e. ±16g). Please correct by removing "different".

3\. Paragraph: That is indeed worrying. Please add one short clarification if studies, that did not report validity and reliability, did refer to literature reference for this purpose instead (yes/no?). In the subsequent paragraph you state that some studies did refer to inappropriate investigations. That means some do use references. So, simply state how many did (in percentage of the reviewed studies). That is enough.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Philip X. Fuchs

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0236643.r004

Author response to Decision Letter 1

13 Jun 2020

Dear Editor,

We have carefully considered all reviewers\' considerations of the paper (PONE-D-19- 33961_R1). Please find enclosed our detailed answers to reviewers\' queries. The authors declare that the manuscript is original and has not been considered for publication elsewhere. Additionally, the authors had approved the paper for release and agree with its content.

All answer to reviewers\' queries was addressed in the Response Reviewers document.

Kindly regards

###### 

Submitted filename: Response_Reviewers.pdf

###### 

Click here for additional data file.
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Accelerometry as a method for external workload monitoring in invasion team sports. A systematic review

PLOS ONE

Dear Dr. Gómez-Carmona,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Both reviewers suggested accepting the paper after few minor corrections. Therefore, I invite the authors to carefully consider all the suggestions and make a final checks for syntax and grammar.

Please submit your revised manuscript by Aug 16 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Cristina Cortis, Ph.D.

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The authors did a big effort editing the manuscript during the revision process. The manuscript has been greatly improved and will be a valuable addition to the literature. In my opinion, the manuscript should be considered acceptable for publication. I would recommend a final check for grammar, spelling, and punctuation mistakes during the editorial editing/formatting process (e.g. page 3, line 5 "suggestS").

Reviewer \#2: General comment:

The authors addressed all comments and fixed most issues. Some new mistakes emerged in the adaptations. For all cases, the reviewer provides concrete solutions.

In the specific comments, the reviewer refers to page and line numbers of the revised manuscript showing the tracked changes.

The reviewer suggests acceptance of the manuscript after the implementation of the provided solutions.

Specific comments:

Methods

P5, L2: Change "manuscript" to "paper" as the currently submitted piece of work is a manuscript (L1) that reviews published papers. This is how terms are correct. When published, a manuscript is a paper.

Discussion

P13, L25: A new error appeared after revision: Correct is "did not provide" (not: provideD)

P14, L3-4: The meaning of the new adaptation is unclear to me (studies are no consequence of different schedules!). The sentence is also grammatically incorrect. The reviewer can just assume that the authors meant something like: "Higher competition workload reported in some studies may be the consequence of differences in weekly schedules, not accounting for conditions \[...\]" If this message is in line with the authors' intentions, then I recommend to use this phrase.

P14, L15+16: 1. In both brackets you need to write "(PL: \[numbers\])", otherwise no one knows what these numbers are. 2. You may change "in-season" to "competitive season".

P15, L14+15: Why was "Global Navigation Satellite Systems" and "Local Position Measurement" replaced by short terms? Check if the short terms have been introduced previously, otherwise introduce them here

P15, L15: Remove "(x/y axis)" because, first, this is redundant and, second, horizontal is the better description anyway because x/y is a matter of definition and could be anything (therefore, would require a definition).

P16, L16-18: Previous suggestion was misunderstood, and adaptations are not correct anymore (the threshold does not range!). Change to full stop after the rugby and American football sentence (L16). Then, "In soccer, the detection threshold is 5G, and the number of impacts range from 490±310 to 613±329 \[83\]."

P18, L7: Change LESS sampling rate and accuracy to LOWER sampling rate and accuracy.

P18, L22-24: Remove "Moreover" and "that compose the device" and change to "The number of accelerometers is only important if the output range \[...\]. Do not mess up the order in output range/range output.

P19, L1: Here is also incorrectly written "range output". Change to "output range".

P19, L19-23: Change to "Among studies that cited the reliability and validity of accelerometers, 15 investigations (i.e. 12.7%) cited the reliability and validity of other devices that were not used in the respective research."

P19, L28-29: Change to "NOTEWORTHY, 34.7% of THE studies DID not report \[not: reportED!\] THE validity or reliability and did also not refer to literature FINDINGS for this purpose."

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: **Yes: **Philip X. Fuchs

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0236643.r006

Author response to Decision Letter 2

3 Jul 2020

Dear Editor,

We have carefully considered all reviewers\' considerations of the paper (PONE-D-19-33961_R2). Please find enclosed our detailed answers to reviewers\' queries. The authors declare that the manuscript is original and has not been considered for publication elsewhere. Additionally, the authors had approved the paper for release and agree with its content.

All responses to reviewers\' considerations have been attached in Response to Reviewers document.

Kindly regards

###### 

Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.
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PONE-D-19-33961R3

Dear Dr. Gómez-Carmona,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Cristina Cortis, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

Reviewer \#2: All suggestions were flawlessly implemented. The manuscript can be accepted for publication. The editorial board should correct two grammatical errors:

p.16, l.13: Correct would be \"the numberS (plural!!) of impacts range from \... to \...\"

p.21, l.7: This change is incorrect (i.e. \"wrote\"). The previous \"written\" is correct: \"studies \[\...\] written in English were included\"

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: **Yes: **Philip X. Fuchs
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Dear Dr. Gómez-Carmona:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff
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Dr. Cristina Cortis

Academic Editor

PLOS ONE
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